Progress in tissue preservation (high-pressure freezing), data acquisition (tomographic electron microscopy, TEM), and analysis (image segmentation and quantification) have greatly improved the level of information extracted from ultrastructural images. Here, we combined these methods and developed analytical tools to provide an in-depth morphometric description of the intercalated disc (ID) in adult murine ventricle. As a point of comparison, we characterized the ultrastructure of the ID in mice heterozygous-null for the desmosomal gene plakophilin-2 (PKP2; mice dubbed PKP2-Hz).
Introduction
Adult cardiac myocytes are highly organized into specific subcellular domains (e.g. sarcomeres, T-tubules, costameres, etc). Each of these subdomains is, in turn, populated by molecules that cluster together within confined spaces. In the cardiac myocytes as in other specialized cells, precise spatial organization is critical to overall cell homeostasis. Indeed, the functional output of one molecule often depends on its proper association with molecular partners that in turn localize, either primarily or exclusively, in a particular subdomain (e.g. the sodium channel in the cell end vs. the costamere 1, 2 ). Here we focus on a particular subcellular domain that is highly relevant to cell electrophysiology, namely, the intercalated disc (ID). This structure hosts complexes involved in cell-cell adhesion, intercellular electrical coupling, and excitability, integrated into a complex protein interacting network that we have dubbed 'the connexome'. 3, 4 Ultrastructural observations of the ID have relied mostly on conventional 2D micrographs. As such, a description of the anatomy of a continuous ID volume at nanometric resolution is lacking. Here, we combined advanced methods of tissue preservation (high-pressure freezing), data acquisition (tomographic electron microscopy, TEM) visualization (segmentation), and quantification (image analysis) to characterize the three-dimensional ultrastructure of the ID. We place particular emphasis on the contour of the intercellular membranes, their contact with other intracellular membranous structures, and the physical characteristics of the volume contained within the intercellular space. Importantly, we develop analytical tools of potential wider application so that morphological features can be quantified and compared both within groups and between groups. As a point of comparison, we study hearts deficient in a desmosomal protein (plakophilin-2, PKP2). The possible importance of the intercellular space in the electrical behaviour of the heart in health and disease is discussed.
Methods
Experiments were conducted in mice 3 -6 months old, of both genders. Mice were euthanized with an overdose of anaesthetic (isoflurane 20%) and confirmed death by cervical dislocation. All procedures were carried out in accordance with New York University guidelines for animal use and care and conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication 58-23, revised 2011).
Adult mouse ventricular tissue was prepared by fixing the hearts in situ with 4% paraformaldehyde in 0.1 M PBS (pH 7.4). Small pieces were cut, rapidly frozen with a high-pressure freezer, and stored under liquid nitrogen with 2% osmium tetroxide in acetone. Samples were slowly warmed by using an automated freeze substitution machine, infiltrated with acetone:Embed 812 resin 1:1, then incubated in twice pure Embed 812, and polymerized at 608C. One hundred-nanometre-thick sections were collected on slotted copper grids and imaged with a 200 kV electron microscope (FEI TF20). Images were recorded at a set magnification of 9.6k and 11.5k on a 4k × 4k CCD camera set to 2× binning, giving an effective pixel size of 1.76 nm and 1.47 nm, respectively. Dual-axis tilt series (18 steps, +708 per axis) were acquired using SerialEM. 5 Protomo 6 software was used for aligning the projection images and reconstructing the tomograms. IDs contained in the tomograms were segmented in Amira (Visage Imaging, San Diego, CA, USA) to generate their 3D models. ImageJ 7 and Matlab (Mathworks, Natick, MS, USA) equipped with the Image Processing toolbox were used for quantitative analysis.
Visualization
A data set composed of 10 WT and 8 PKP2-Hz mice tomograms (3.2 × 3.2 × 0.1 mm 3 in size) was processed for volume segmentation and analysis. 8 For quantitative comparison, all the tomograms were selected from tissue sections where the actin filaments run parallel to the plane of section. Different structures of interest were manually traced on all the virtual slices to get their 3D rendered models. This way we obtained representative 3D pictures where the spatial interrelations of the different structures could be seen in high detail.
Image processing and analysis
Using the three-dimensional data sets obtained by TEM, the contour of the continuous membranes forming the ID was segmented, thus generating a 3D binary mask for each sample ( Figure 1A and B) where voxels corresponding to the ID were assigned a value of 1 (white) and the rest of the image received a value of 0 (black). These binary images were used to measure intercellular space volume and surface area, contour length and tortuosity, and intercellular distance.
Intercellular space volume and surface area
For each 3D binary mask, we calculated the intercellular volume by virtually filling the space located in-between the two segmented membranes and counting all voxels in that region that acquired a value of 1 ('imfill'; Matlab; Figure 1C ). An edge detection algorithm using the Prewitt method (Matlab) was applied to get the contours of the binary image ( Figure 1D ). The number of exposed white voxel faces gave us the total surface area (SA). For normalization, each SA was measured relative to the SA of the smallest rectangular box containing all the white pixels (the 'bounding box', calculated by Matlab function 'regionprops'; only the two large faces of the bounding box were counted). Intercellular volumes were normalized per unit of end-to-end Euclidean distance, the latter calculated as described below.
Tortuosity
To estimate tortuosity, we first obtained the z-projection of all 3D masks ( Figure 1E) ; the space between the two most external white lines was filled (using Matlab function 'imfill'; Figure 1F ) and the central line of the generated white region was mathematically extracted by applying a skeletonization operation (Matlab function 'bwmorph'; Figure 1G ). 'Contour length' was estimated as one half of the perimeter of the central line (Matlab function 'regionprops'); separately, the end points of the skeletonized 2D representative curve were detected (Matlab function 'bwmorph') and their distance defined as the end-to-end Euclidean distance ( Figure 1H) ; tortuosity was calculated as the relation between contour length and end-to-end Euclidean distance.
Intercellular distance
For each virtual slice of the 3D binary mask, the membranes of the two apposing cells were defined as two boundaries (b1 and b2; Matlab function 'bwboundaries'; Figure 1I and J ), and for each point in one boundary, we identified the shortest distance to the opposing one ( Figure 1K and L).
Mean and maximum values were obtained and used for comparison.
Mechanical junctions: length and intercellular distance
The methods described above were applied to masks that contained only the regions identified as either desmosomes or mixed junctions (also called 'area composita'). These masks were used to determine the length of the mechanical junctions along the x-y plane of the images, as well as the distance between the two opposing junctional plaques across the intercellular space. Of note, given that PKP2 is found in both desmosomes and mixed junctions, both structures were analysed within the same group.
Statistics
All values are presented as mean + S.E.M. Student's t-test was used for statistical assessment. A probability value of ,0.05 was considered to indicate a significant difference between means.
Results

Structural complexity of the ID
Our process of analysis included both implementation of visualization techniques aimed at enhancing the clarity of the images in 3D renderings, as well as methods for quantitative image analysis to obtain parameters that can be compared between experiments. For enhanced visualization, 3D tomographic EM images of the adult ID region were processed by volume segmentation 9 ( Figure 2 and Video OS). Different colours were used to highlight the various structures. Figure 2A shows three different planes from the same sample, separated by 25 nm from each other in the z-axis. Notice that fine structures were absent-or almost absent-in one plane but apparent in others. Arrows of different colours point to structural features that were followed through the planes by volume segmentation and then reconstructed (Figure 2B -E; the colour of the arrow matches the colour assigned to the structure in the subsequent panels). The sarcolemma is depicted in red. The orange arrow highlights the presence of a hollow, ellipsoidal structure with small electron-dense speckles decorating its surface and the red arrow in Figure 2A , bottom, points to a long membrane invagination projecting into the interior of the cell, forming a vesicle. Both elements are depicted in two different orientations in Figure 2C (the 'speckles' are depicted in orange). The white arrow in Figure 2A , top, points to a clathrincoated vesicle emerging between a desmosome and a gap junction plaque. The rendered volume of this structure is shown in Figure 2D (two different perspectives after rotation); the image includes (in blue) a complex tubular structure surrounding the vesicle. The yellow arrow in Figure 2A , middle, points to a different hollow structure decorated with round, very dense small structures, which could correspond to ribosomes, though their identity was not fully verified in this study (see the various projections in Figure 2E ; mitochondria in purple). Overall, as shown in Figure 2F , volume segmentation demonstrates that the vicinity of a gap junction plaque and a desmosome is populated by organized macrostructures that reside within distances compatible with direct protein interactions.
Quantitative analysis of intercellular space
A data set composed of 10 tomograms from the ventricles of adult wild-type mice, each containing a cube of 3.2 × 3.2 × 0.1 mm 3 in size, was processed for analysis, following the methods described under Figure 1 . The average end-to-end linear distance of ID included in the analysis and the average contour length of intercellular membrane studied in all 10 tomograms are shown in Table 1 . Projections in threedimensions of the intercellular membranes showed them not forming two perfectly parallel sheets; rather, we observed extensive vesicular activity and places where the membranes bended away from each other, resulting in heterogeneity in the separation of the two cells ( Figure 2F ; membranes in red). Intercellular distances varied extensively, between 0 nm in the domain of a gap junction plaque (pink in Figure 2F ), to .700 nm in areas where vesicular activity was detected. The average intercellular distance, measured from all planes of acquisition and from all control samples studied, was 90.25 + 1.83 nm ( Table 1) . Of note, vesicles were often detected in the immediate vicinity of gap junctions (Figure 2) , creating large and abrupt expansions of intercellular space confined on one side by a region where membranes were in close apposition. An average of the maximum intercellular distances recorded in all 10 tomograms from wild-type mice is presented in Table 1 . Areas occupied by mechanical junctions revealed an average intercellular distance of 63.02 + 2.64 nm, and the average maximum distance remained below the mean overall intercellular distance, indicating that mechanical junctions represent points of relative proximity between the two cells ( Table 1) . Consistent with the variations in intercellular distances, renderings of intercellular volume ( Figure 3A and B) showed the intercellular space as a crevice of various widths, with larger expansions interrupted by sites of close membrane apposition, such as in the areas occupied by gap junctions. Measurements of total and normalized (per mm of end-to-end distance analysed) volume contained between two cells are reported in Table 2 . The contour of the intercellular volume was taken as a replica of the intercellular membrane surface and used to measure intercellular surface area ( Table 2 ; see also 'Methods'). The ratio between the total surface area and the area of a rectangular bounding box indicated that the membrane circumvolutions amplify the surface area of the wild-type ID by a factor of 6 times (see 'SA normalized per bounding box' in Table 2 ).
Junctional sarcoplasmic reticulum at the ID
We investigated not only the characteristics of the intercellular space but also the structural features of membranes that came into apposition with the ID. The presence of structures reminiscent of junctional sarcoplasmic reticulum (jSR) in the area of the ID has been anecdotally reported before. 10 Given the dynamic nature of the jSR, 11 its dependence on microtubular stability, 11 and its importance in arrhythmogenesis, 12 we decided to further characterize the jSR at the ID. Figure 4A shows a classic dyadic structure with a T-tubule (blue) in close opposition to jSR (turquoise); electron-dense particles (orange) were apparent between structures, suggestive of RyR2 receptors (though their definite identity was not established). Particles depicted in light blue and yellow show structural features similar to those previously ascribed to calsequestrin and ribosomes, respectively. Figure 4B shows a comparable structure at the ID (intercellular membranes in red). The red arrow points to a structure with a nano-architecture similar to that of the jSR shown in A. Notice the close proximity between this 'dyadic' membrane complex and the neighbouring desmosome. Interestingly, we found examples where the complex would be found in both sides of the intercellular space ( Figure 4C ; in this case, adjacent to a gap junction, marked in light red). Figure 4D and F show alternative projections of the structures described in Figure 4A -C. Finally, Figure 5 shows an example where a dyadic structure is formed between the SR (turquoise) and an invagination of the sarcolemma that originated in the membrane facing the intercellular space and penetrated the myocyte in a direction parallel to the long axis of the cell. In other words, this dyad was formed against not a 'transverse tubule' but against a 'longitudinal tubule' that originated at the ID.
Ultrastructure of the ID in PKP2-deficient cells
It is generally accepted that expression of proteins classically defined as belonging to the desmosome is necessary for proper preservation of ID ultrastructure. Here, we investigated the changes that result from haploinsufficiency of a desmosomal molecule, PKP2 (these animals are referred to as PKP2-Hz). Our results showed a significant increase in the tortuosity of the intercellular membranes (Figure 6A Ten control and eight PKP2-Hz mice tomograms from different animals were analysed. Total number of MJ was 26 and 13 for control and PKP2-Hz groups, respectively. All ID, data measured for the entire sample; MJ, data measured at mechanical junctions.
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average maximal intercellular distance, measured from all planes of acquisition and from all samples studied (Table 1) . Furthermore, our data indicate that in the case of the PKP2-Hz, the membrane foldings of the ID increased the surface area by a factor of 7.92 + 0.70, a value significantly larger than the one observed for the wild-type samples ( Table 2) . Interestingly, the number of identifiable mechanical junction complexes was decreased (13 in PKP2-Hz vs. 26 in control mice), but the intercellular distances in those junctions that were identified were significantly reduced compared with control ( Table 1) . Figure 4 were also observed in samples obtained from PKP2-Hz mice ( Figure 7A -D) . Furthermore, as shown by the bar graph in Figure 7E , the number of ID 'dyads' per unit of ID length was significantly more in PKP2-Hz mice than in control. These results show that loss of a desmosomal molecule can influence not only the degree of separation between cells, but also the interactions that occur between subspecialized membranes in the intracellular space.
Dyadic structures such as those in
Discussion
We have characterized the ultrastructure of the intercellular space in the adult murine ventricle. Our data provide, to our knowledge, the first observations on the three-dimensional anatomy of the intercellular region at nanometric resolution, obtained from a 100 nm thick tissue section. Our results show that intercellular membranes represent a large and complex surface bounding a confined intercellular volume, which can be modified by reduced expression of a desmosomal/area composita protein (PKP2). We further show that the intercellular space includes structures compatible with those previously defined as dyads, and that these structures are also dependent on PKP2 expression. Finally, we set in place methods for quantitative comparisons between samples under our experimental conditions. Recently, our group Ten control and eight PKP2-Hz mice tomograms from different animals were analysed.
Ultrastructure of the cardiac intercellular space has focused on (i) implementing novel visualization tools and (ii) developing corresponding methods for quantitative analysis. 3, 4, 13 The present study is a continuation of this effort, where we follow a visual proteomics 14, 15 approach to the study of the cardiac ID.
Limitations
We should emphasize though that our results are limited to a small sample of the entire area of intercellular contact. Indeed, the total thickness of our sample (100 nm) is 1% of the entire height of a ventricular myocyte. Moreover, for all the tomograms chosen for analysis, the sections were aligned in a direction parallel to the actin fibres, but it is not possible to determine the exact position of our 100 nm thick section in relation to the top, middle, or bottom of the myocyte. On the other hand, our results are consistent between different preparations, suggesting that the patterns observed in the samples might be consistent across at least most of the intercellular space.
Free diffusion in the intercellular space?
Our results are not consistent with the idea of the intercellular cleft as a space of free diffusion, directly connected to the bulk volume surrounding the cell. Rather, the emerging picture is that of a complex environment where diffusion of ions is challenged by the presence of patches of high resistance (gap junctions), high protein density (mechanical junctions), and lengthy, convoluted paths towards the outside (intricate membrane foldings). The ability of ions to diffuse in and out of the intercellular space can be critical for function. Sodium channels, as well as the ATP-sensitive potassium channel (K-ATP), preferentially localize to the ID. 16 A large potassium current flowing out of the cell and into the intercellular cleft could cause a temporary accumulation of potassium ions in that space, causing local depolarization and in doing so, inactivating sodium channels critical for electrical conduction. 
jSR at the ID?
We have observed membrane invaginations, reminiscent of tubules, entering the cell from the intercellular space. The potential for ion accumulation in these ID tubules is particularly high, considering the lack of a direct connection to the bulk volume that surrounds the cell. Furthermore, our data also show the presence of structures reminiscent of jSR. Whether the structures reported here are functional as calciuminduced calcium release units, as they are in the vicinity of the T-tubules, remains to be defined. If they are, the restricted intercellular space could also represent a challenge to the maintenance of proper calcium concentration and as such, proper calcium homeostasis for the intracellular space as a whole.
Recently we used super-resolution fluorescence microscopy to demonstrate that the gap junction protein connexin43 (Cx43) and PKP2 share a common subdomain. 4 We also showed that changes either in Cx43 or in PKP2 abundance 17, 18 decrease sodium current amplitude, and we proposed that rather than independent, molecules classically defined as belonging to desmosomes, gap junctions or the voltage-gated sodium channel actually form a single protein interacting network, which we called the connexome. 4, 19 The finding of jSR structures at the ID adds an interesting level of complexity. In fact, one may speculate that changes in the structure and/or molecular composition of the ID may have direct consequences on calcium homeostasis and, in turn, changes in the molecular composition of the jSR may affect ID function. A case in point is that of phospholamban, a molecule classically defined by its function in control of intracellular calcium concentration and yet, recently identified as a potential ARVC-causing molecule when mutated. 20 
ID structure and electric field-mediated transmission
The concept of electric field-mediated propagation in the heart 21, 22 (so-called ephaptic transmission 23 ) has been recently revisited, particularly given the fact that experimental data following genetic manipulation of connexin abundance does not conform with the assumption that gap junctions are the only conduit for cell-cell transfer of charge. Mathematical modelling suggests that for this type of transmission to occur, intercellular distance is critical, and it would be most relevant if gap junction-mediated coupling is drastically impaired. 22, 23 Our data show that the spacing between membranes at mechanical junctions was actually shorter in the PKP2-Hz hearts. In other words, reduced abundance of a 'mechanical junction' molecule actually associated with the cell membranes being positioned at a closer distance from each other. The increased proximity between the membranes may have implications for electrical propagation. We have previously shown that PKP2 associates with Nav1.5, the pore forming subunit of the sodium channel complex. Additional studies from our laboratory show that Nav1.5 is in a tight complex with mechanical junction proteins (Ref. 3 and also unpublished studies). We therefore postulate that Nav1.5 may be within the electron-dense structure defined as the 'area composita'. Close examination of Figure 3 of the original paper of Kucera et al. 24 shows that narrower clefts can cause a slowing of conduction, even if gap junctional coupling is high. Furthermore, at low levels of coupling the relation is no longer monotonic, and in fact, it breaks for clefts in the range of 30-80 nm, which is the range of cleft separations we observe in the PKP2-Hz hearts. Of note, we have previously observed that PKP2-Hz hearts have a higher propensity toward arrhythmogenesis. In summary, the structural observation allows us to postulate that reduced PKP2 abundance leads to shortening of the intercellular gap within the mechanical junction, which can drastically impair electric field-mediated propagation and create areas of microscopic block. The mechanism that leads to shortening of the intercellular gap is not known. We speculate that the force of cell -cell attraction resulting from the binding of the cadherin molecules in the intercellular space normally works against the force of the intermediate filaments, which tries to pull the cells apart from each other. A weaker anchoring of the intermediate filament (due to reduced PKP2 abundance) may then tilt the balance of these forces in favour of the attraction exerted by the bound cadherins. Of note, reduced intercellular space at the mixed junction following loss of a desmosomal protein can be seen in some anecdotal examples in the literature (see Figure 4 of Notari et al.;
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